We characterized the optical nonlinearities of CdSe nanocrystals surrounded by rod-like CdS shells with ultrafast measurements of time-resolved photoluminescence. We measured the exciton-exciton interaction to be, depending on structure details, attractive or repulsive, by as much as 31 meV, due to the unique band alignment in the CdSe/CdS. This feature makes CdSe/CdS dot/rods promising gain media for solution-processable lasers, as it appears combined with 80% photoluminescence quantum yield, narrow size and shape distributions and the antenna effect of the CdS rod shell enhancing optical absorption by more than a factor 50 with respect to bare dots.
INTRODUCTION
Semiconductor colloidal nanocrystals have been proposed as optically-active media for solution-processable optoelectronic devices, because they combine inexpensive, wet-chemistry synthesis with high photoluminescence quantum yield, large oscillator strength and size tuneability of optical transitions. i,ii,iii,iv Key to the success of nanocrystal-based devices is the possibility to design and consistently synthesize nanocrystals with desired properties. Size uniformity can be usually controlled within less than 5% uncertainty; surface capping, passivation and core/shell structures can lead to photoluminescence quantum yields exceeding 50%, optical gain and lasing. v A new frontier in nanocrystal design has appeared with heterostructures allowing spatial separation of electron and hole wavefunctions, like in type-II CdSe/CdTe core/shell nanocrystals, through staggered conduction and valence band offsets.
vi,vii Charge separation inside nanocrystals is useful in photodetector and photovoltaic devices, quantum optics and lowthreshold lasers. Exciton nonlinearities also depend on the degree of separation of electron and hole wavefunction. In type II heterostructures, it has been demonstrated that charge separation can lead to a large repulsive exciton-exciton interaction. The resulting blueshift of the exciton-tobiexciton transition suppresses to a large extent resonant re-absorption of stimulated emission from single-exciton states, allowing net optical gain and lasing at excitations corresponding to less than one electron-hole pair per nanocrystal. In this regime, losses inherent to multiexciton recombinations are avoided, resulting in optical gain with a much longer lifetime, an essential step towards the demonstration of lasing under continuous wave operation.
CdSe/CdS dot/rod nanocrystals represent a recently developed class of heterostrucutures, formed by a spherical CdSe core, subsequently covered by a rod-shaped CdS shell (scheme in Fig. 1a) . viii,ix,x,xi While bulk CdSe and CdS have in principle a type-I band alignment, with CdSe band energies both enclosed within CdS ones, the two conduction bands are so close to each other that conduction electron wavefunctions can significantly spread into the rod (Fig. 1c) , realizing what is sometimes referred to as a quasi-type II heterostructure. Electronic states in dot/rods nanocrystals can be confined in either zero or one dimension, a property that can be suitably exploited for many optoelectronic applications: an applied electric field has been shown to control emission wavelength, exciton lifetime xii,xiii and has even allowed storage of excitons in dark states for long transients.
xiv Thanks to its huge absorption cross-section, the CdS shell efficiently absorbs light and funnels the photoexcitation into the quantum dot. If successfully combined with repulsive exciton-exciton interaction, this feature could reduce the threshold for achieving gain in the single exciton regime by several orders of magnitude with respect to spherical, type II core/shell nanocrystals. 
EXPERIMENT
In this work we set to determine exciton-exciton interaction and optical gain in CdSe/CdS dot/rod nanocrystals. We examined 4 different batches of nanocrystals, with length along the rod axis ranging from around 30 nm to over 50 nm, as visible in the TEM images in Fig. 1b . The main morphology difference between batches could be found on the girth in the vicinity of the CdSe dots, as samples #1 and #2 showed a pronounced CdS bump, while in samples #3 and #4 the rod shape was regular, without bumps. Linear optical properties were found to be similar for all 4 samples batches, as expected from similar nanocrystal shapes and compositions. The optical absorption spectra were all characterized by huge molar extinction factors (in excess of 10 7 mol -1 cm -1 around 400 nm in wavelength) and were dominated by CdS features, with only shoulders around 600 nm signaling the presence of CdSe, consistent with the fact that CdSe occupied only a few percent of the nanocrystal volume (Fig. 1d) . On the contrary, cw luminescence was emitted almost exclusively around the CdSe bandgap energy and the quantum yield was higher than 70% at all optical excitation energies, meaning that most photogenerated excitations relaxed to the lowest energy allowed by the CdSe/CdS heterostructure. A very narrow-size dispersion of the nanocrystal samples reflected into 30-40 nm FWHM for photoluminescence. Only in sample #3 we found an asymmetric photoluminescence lineshape, probably due to c ontribution from spurious species.
To access photoluminescence dynamics, the emission was time-resolved with a streak camera, after exciting solutions of nanocrystals dispersed in toluene with sub-picosecond laser pulses. The excitation level, or average number of excitons N created in each nanocrystal, was calculated multiplying the laser photon density Φ times the absorption cross section s for the nanocrystals at the laser wavelength (s = 5.4 10 -14 cm -2 at 394 nm). The spectrogram in Fig. 2a refers to sample #1, was taken at very low excitation levels and showed that the emission from the CdSe dot decayed with a ~20 ns single exponential time, while a very weak trace of emission from the CdS rod was visible only at early times after excitation and decayed within the time resolution. The long decay of dot emission in such CdSe/CdS heterostructures, compared to bare CdSe or CdSe/ZnS nanocrystals of similar size, has been linked to the reduced electron/hole overlap and consequent reduction in oscillator strength for the excitonic transition.
ix,xix The fast decay of the rod emission could be attributed to hot exciton emission. Similarly long exciton decay times were found in all 4 samples. The single exponential decay of the dot emission is consistent with quantum yields in excess of 50%.
The spectrogram evolved significantly for high excitation levels (Fig. 2b) , when each nanocrystal was injected with more than one exciton on average. At early times after excitation and for all nanocrystals we considered, the emission from the rod became comparable in intensity to the emission from the dot. At high excitation densities and time 0, additional optical emission appeared at energies higher than exciton transitions, but still much lower than the CdS rod gap, which we attributed to higher excited, multiexciton states in the CdSe core.
x,xv,xvi The large broadening of the peak might be an indication of further delocalization of conduction electrons across the rod for such excited states. Emission at the exciton energy in CdSe dots became much faster at higher excitation fluences, a clear indication of multiexciton recombination. The lifetime of biexciton states was estimated to be ~330 ps by fitting photoluminescence time decays for various excitation intensities with a double exponential (very similar dynamics were measured in all samples).
xvii However the decay time for the long excitonic component depended on the excitation power, becoming faster for higher excitation levels. A complete account of the experimental findings, together with optical gain measurements and interpretation has recently been published. xviii Figure 3 . PL spectra in the high-excitation (blue lines) and linear regimes (red lines) for the samples we considered. Spectra are integrated over a 50 ps window starting with the excitation pulse arrival (the gate duration was chosen shorter than biexciton lifetime). Intensity is in arbitrary units; vertical offsets have been added for clarity. The shift of the biexciton transition with respect to the exciton one is 20 meV for sample #1, 30 meV for sample #2, -3.6 meV for sample #3, -4.5 meV for sample #4.
DISCUSSION
Differences among various nanocrystals were apparent in the spectral evolution of the exciton peak with increasing excitation fluence. Fig. 3 summarizes the comparison of spectra measured immediately after the arrival of the excitation pulse in the linear and multiexciton regimes (a gate window of 50 ps was selected). A shift appeared in the peak wavelength for the dot emission, which measured the exciton-exciton interaction energy. Additional emission also appeared at shorter wavelengths for all four samples, which we attributed to emission from higher energy states, occurring once nanocrystals are populated by more than 2 excitons each.
The observed shift (measured by fitting the photoluminescence peak with a gaussian peak and extracting the central position) varied from 31 meV to the blue (in sample #2), to 20 meV to the blue (sample #1), to 4.5 meV to the red (samples #3), to 3.6 meV to the red (sample #4), indicating that exciton-exciton interaction could be tuned from attractive (corresponding to a redshift of biexciton transitions with respect to exciton ones, as in conventional core/shell nanocrystal) to repulsive (biexciton is blueshifted with respect to exciton) with minor nanocrystal shape modifications. Nanocrystals with increased girth around the CdSe dot showed excitonexciton repulsion, which could be attributed to larger spatial separation between electrons and holes, as electrons had a thicker CdS shell to spread into. On the other hand, in nanocrystals without the bump around the CdSe core electrons found a very thin CdS shell in all directions except the rod long axis, so that spreading outside the dot of electron wavefunctions was reduced, resulting in a weak exciton-exciton attraction.
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CONCLUSIONS
Ultrafast nonlinear spectroscopy revealed that exciton-exciton interaction in CdSe/CdS dot/rod nanocrystals can be sensitively tuned, from attractive to repulsive, with minor modifications in the nanocrystal shape. Exciton-exciton repulsion is a very beneficial feature to achieve lasing under cw or quasi-cw pumping, especially when coupled with the antenna effect provided by the CdS rod and the large photoluminescence quantum yield. Present experimental results validate the use of CdSe/CdS dot/rod nanocrystals as materials of choice to combine ultra-low gain threshold with long lifetime gain. The prospects of CdSe/CdS colloidal heterostructures are further enhanced by the rich variety of structure sizes and shapes that can be synthesized, xx including smaller CdSe dots that could enhance the repulsive excitonic interaction and multibranched CdS arms that attach to zincblende-phase CdSe dots.
